Myofibroblasts, the primary effector cells that mediate matrix remodeling during pulmonary fibrosis, rapidly assemble an extracellular fibronectin matrix. Tensin (TNS) 1 is a key component of specialized cellular adhesions (fibrillar adhesions) that bind to extracellular fibronectin fibrils. We hypothesized that TNS1 may play a role in modulating myofibroblast-mediated matrix formation. We found that TNS1 expression is increased in fibroblastic foci from lungs with idiopathic pulmonary fibrosis. Transforming growth factor (TGF)-b profoundly up-regulates TNS1 expression with kinetics that parallel the expression of the myofibroblast marker, smooth muscle a-actin. TGF-b-induced TNS1 expression is dependent on signaling through the TGF-b receptor 1 and is Rho coiled-coiled kinase/actin/megakaryoblastic leukemia-1/serum response factor dependent. Small interfering RNA-mediated knockdown of TNS1 disrupted TGF-b-induced myofibroblast differentiation, without affecting TGF-b/Smad signaling. In contrast, loss of TNS1 resulted in disruption of focal adhesion kinase phosphorylation, focal adhesion formation, and actin stress fiber development. Finally, TNS1 was essential for the formation of fibrillar adhesions and the assembly of nascent fibronectin and collagen matrix in myofibroblasts. In summary, our data show that TNS1 is a novel megakaryoblastic leukemia-1-dependent gene that is induced during pulmonary fibrosis. TNS1 plays an essential role in TGF-b-induced myofibroblast differentiation and myofibroblast-mediated formation of extracellular fibronectin and collagen matrix. Targeted disruption of TNS1 and associated signaling may provide an avenue to inhibit tissue fibrosis.
Pulmonary fibrosis is characterized by the formation of excessive extracellular matrix (ECM) by myofibroblasts. This study finds that the fibrillar adhesion molecule tensin (TNS) 1 is essential for myofibroblast differentiation and ECM deposition. Targeting TNS1 and its associated signaling may provide an avenue to inhibit tissue fibrosis.
Myofibroblasts play a key role in propagating fibrogenesis and tissue remodeling in both human and experimental pulmonary fibrosis. They are characterized by de novo expression of smooth muscle and matrix genes in response to profibrotic cytokines, such as transforming growth factor (TGF)-b. We have previously found that the transcription factor, megakaryoblastic leukemia (MKL)-1, and its nuclear target, serum response factor (SRF), are essential for mediating myofibroblast differentiation and the development of bleomycin-induced pulmonary fibrosis (1) (2) (3) . Myofibroblasts have an enhanced capacity to deposit fibronectin and collagen matrix, independent of their expression of these proteins, compared with their undifferentiated counterparts (4) . MKL1-dependent gene expression is essential in facilitating rapid fibronectin matrix formation by myofibroblasts (3, 4) . However, it is not known which MKL1-dependent proteins are responsible for this effect.
Tensin (TNS) 1 is a multidomain protein that can interact with the actin cytoskeleton, bind b1-integrin, and serve as a scaffold for adhesion-related signaling (5) . TNS1 is recruited to focal adhesion sites (6) , where it interacts with the AsnPro-X-Tyr motif of the b1-integrin tail via its phosphotyrosine binding domain (7) . TNS1 also interacts with several focal adhesion-related kinases, including focal adhesion kinase (FAK), p130 Crkassociated substrate, and phosphoinositide 3-kinase, via its proto-oncogene tyrosineprotein kinase Src homology 2 domain (8) . TNS1 is extensively phosphorylated at tyrosine and serine/threonine sites in response to integrin activation by the extracellular matrix (ECM) (9, 10) . TNS1 is a component of specialized cell adhesions (fibrillar adhesions) that are critical for the formation of a fibrillar fibronectin matrix (11) and has been implicated in cell migration (12) . Recent studies have found a link between a single-nucleotide polymorphism in TNS1 and lung function decline (13) . Furthermore, the promoter region of TNS1 was reported to contain at least one potential SRF-binding motif, the so-called CC(A/T) 6 GG element (14) . For these reasons, we hypothesized that TNS1 may play a role in formation of nascent ECM by myofibroblasts, and may be under the control of MKL1/SRF. In this study, we have found that TNS1 is a novel MKL1/SRF-dependent gene that is up-regulated during myofibroblast differentiation and in fibrotic lung. Furthermore, TNS1 plays a key role in both facilitating myofibroblast differentiation and the ability of myofibroblasts to form nascent fibronectin and collagen matrix.
Materials and Methods

Isolation and Primary Culture of Human Pulmonary Fibroblasts
Deidentified tissue samples of normal (nonfibrotic) and fibrotic (idiopathic pulmonary fibrosis [IPF]) lungs were obtained from thoracic surgical resection specimens through Carbone Cancer Center Translational Science BioCore at the University of Wisconsin-Madison (Madison, WI), under Institutional Review Board approval (no. 2011-0840). Human lung fibroblasts (HLFs) were isolated from resection specimens, as described in the online supplement and previously (4) .
Western Blot
Whole cell lysis and subsequent Western blot was performed as described in the online supplement and previously (3) . Densitometry was performed using ImageJ (Bethesda, MD) (15) .
Deoxycholate Extraction
Deoxycholate extraction was performed as described in the online supplement and previously (4) .
Small Interfering RNA Knockdown Assays
Before transfection, HLFs were plated at 5 3 10 4 cells/ml for 24 hours, reaching 70-80% confluency by the time of transfection. Small interfering RNA (siRNA) (Qiagen, Valencia, CA) was transfected using RNAiMAX transfection reagent (13778; Life Technologies, Carlsbad, CA) diluted in Opti-MEM (31985062; Gibco/Life Technologies, Carlsbad, CA) with 1 ml RNAiMAX per 10 pmol of siRNA. Predetermined concentrations of siRNA were used to achieve sufficient knockdown. Cells were incubated for 24 hours, serum starved, stimulated as indicated, and analyzed using real-time PCR, Western blot, or immunocytochemistry. All siRNA sequences were from Qiagen (Hilden, Germany). Sequences are listed in the online supplement.
Immunofluorescence Staining
Immunofluorescence staining was performed as described in the online supplement and previously (4).
Quantification of Focal and Fibrillar Adhesions
Images of immunofluorescence staining were taken at 360 magnification with five images per condition. Images were analyzed using ImageJ. To determine average focal or fibrillar adhesion lengths, 15 adhesion lengths were measured per image, and the average taken. To determine average number of focal or fibrillar adhesions, numbers of adhesions were counted per image and divided by the cell count.
Fibronectin Assembly Assay
FN assembly assay was performed as per the online supplement and previously (4) .
Histology
Histological analysis against TNS1 antibody was performed as described in the online supplement and previously (3) . Primary antibody (1:200) was applied for 1 hour before incubation with horseradish peroxidase-conjugated secondary antibody and nuclear staining.
Quantitative Real-Time RT-PCR Real-time PCR was performed as before (16) . Briefly, pretreated cells were lysed in 1 ml RNA STAT-60 (AMS Biotechnology, Milton, Abingdon, UK) to extract total RNA. iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) was used for random-primed reverse transcription of 1 mg of total RNA. iTaq SYBR Green Supermix (Bio-Rad) was used to perform real-time PCR analysis in an ABI 7,500 multicolor real-time PCR detection system (Applied Biosystems, Foster City, CA). Primers are listed in the online supplement. Data are expressed as fold difference using the comparative cycle threshold method.
Statistical Analysis
For all experiments, data are representative of at least three independent experiments. Quantitative data, when comparing two groups, were analyzed by the Student's paired t test. When more than two treatments or time points were compared, outcome measures were compared using mixed-effect ANOVA models with fixed effects for treatment or time and random effects for experiment to account for within-experiment correlation. Tukey's procedure was used to control the overall significance level for multiple comparisons.
Results
TNS1 Expression Is Increased in Myofibroblasts and in Fibrotic Lung
TNS1 expression has been observed in the lung (UniGene EST profile Hs.471381; The National Center for Biotechnology Information, Bethesda, MD, and Reference 17); however its precise localization has not been established. To begin to evaluate the role of TNS1 in myofibroblast biology, we used normal HLFs and assessed the expression of TNS1. As shown in Figure 1A , basal expression of TNS1 under serum-starved conditions was very low, whereas treatment of primary HLFs cultures with TGF-b strongly induced TNS1 protein expression, with similar kinetics to that of the myofibroblast marker gene, smooth muscle a-actin (ACTA2). The induction of TNS1 by TGF-b appeared to be, at least in part, transcriptionally regulated, given the induction of TNS1 mRNA at 6 and 24 hours ( Figure 1B) . Given the induction of TNS1 by TGF-b, we assessed TNS1 expression in normal and fibrotic lung tissue with immunohistochemistry ( Figure 1C) . In normal lung (left panel), faint staining was present in the alveolar septa, whereas, in fibrotic lung (right panel), TNS1 expression was more strongly increased in bands of spindle-shaped cells and in areas that morphologically appeared as fibroblastic foci.
There was also a significant increase in TNS1 mRNA expression in homogenates of IPF lung compared with normal lung ( Figure 1D ). Isolated fibroblasts derived from IPF lungs showed increased levels of TNS1 mRNA and protein compared with fibroblasts derived from nonfibrotic lungs ( Figures 1E and 1F) . Together, these data point to expression of TNS1 within the mesenchymal compartment of the lung and support a transcriptionally regulated increase of TNS1 in myofibroblasts under conditions of TGF-b stimulation or during in vivo fibrosis. Due to the observed induction of TNS1 by TGF-b, we first investigated the potential involvement of TGF-b receptor/smadsignaling in the regulation of TNS1 gene expression. Figure 1A demonstrates the kinetic response of TNS1 expression after TGF-b stimulation, which is similar to that of ACTA2. Figure 2A , shows the signaling response to TGF-b, with a peak in Smad2 phosphorylation that is observed after 30 minutes of stimulation, with a decrease, but not complete resolution, of Smad2 phosphorylation by 24 and 72 hours. Smad3 phosphorylation has a similar peak at 30 minutes, but completely resolves by 6 hours after stimulation. Of note, no significant induction of extracellular signalregulated protein kinases 1 and 2 (Erk1/2) was observed in response to TGF-b in our system, although some baseline phosphorylation was evident. Given the observed induction of Smad2/3 phosphorylation to TGF-b stimulation, we hypothesized that TGF-b-induced TNS1 expression was likely occurring via the TGF-b II receptor interactions with the TGF-b type I receptor kinase (activin receptor-like kinase 5). To test this hypothesis, we used the small-molecule inhibitor of activin receptor-like kinase 5, SB431542 (18) . As shown in Figure 2B , treatment with SB431542 fully inhibits TGF-b receptor-mediated Smad2 SMIFH2:
TGF-β (24 hrs) In addition to Smad signaling, TGF-b receptor I can induce the activation of the Rho GTPases and their effector kinase Rho coiled-coiled kinase (ROCK) 1, leading to actin cytoskeletal polymerization, independent of Smad signaling (21) . Our group has previously shown that the delayed kinetics of ACTA2 in response to TGF-b results from ROCK and actinregulated MKL1/SRF activation (2, 16) . Thus, we hypothesized that the TGFb-induced TNS1 expression in myofibroblasts may also be dependent on ROCK/actin/MKL1/SRF signaling, similar to ACTA2. To test this possibility, we examined the role of ROCK in mediating TGF-b-induced TNS1 expression using the small-molecule inhibitor of ROCK1/2, Y27632 (22) . Similarly, we assessed the role of actin-dependent signaling in TGFb-induced TNS1 expression by directly disrupting actin polymerization with latrunculin B or with the formin homology 2 domain inhibitor, 1-(3-bromophenyl)-5-(2-furanylmethylene)dihydro-2-thioxo-4,6 (1H,5H)-pyrimidinedione (23) . As shown in Figures 3A and 3B , pretreatment with Y27632, latrunculin B, or 1-(3-bromophenyl)-5-(2-furanylmethylene) dihydro-2-thioxo-4,6(1H,5H)-pyrimidinedione inhibited TGF-b-induced TNS1 expression in HLFs, demonstrating that ROCK activation and actin polymerization are required for TNS1 inducibility by TGF-b. To further explore the role of actin polymerization in mediating TNS1 expression, we used jasplakinolide, a known inducer of actin polymerization (24) . As shown in Figures  3C and 3D , treatment with jasplakinolide reliably induces the expression of TNS1, similar to its known ability to induce ACTA2 expression (2) . Polymerization of actin into filaments by jasplakinolide depletes the pool of monomeric actin, thereby decreasing the sequestration of MKL1 in the cytosol by monomeric actin, allowing it to translocate to the nucleus and activate transcription (25, 26) . Thus, treatment with jasplakinolide can also be used to activate MKL1 independently of TGF-b. As shown in Figures 3C and 3D , siRNA-mediated knockdown of MKL1 inhibited the induction of jasplakinolideinduced TNS1 expression, demonstrating that MKL1 is required for TNS1 expression. Similarly, cytochalasin D, a fungal metabolite that can disrupt the actin cytoskeleton (27) , has been shown to disrupt monomeric actin-MKL1 association, thereby enabling MKL1 translocation and activation of SRF (25, 26) . Treatment with cytochalasin D resulted in a similar induction in TNS1 expression ( Figures 3E and 3F) . As in Figures 3C  and 3D , we confirmed the role of MKL1 in this effect by using siRNA-mediated knockdown of MKL1. As shown in Figures  3E and 3F , siRNA-mediated knockdown of MKL1 resulted in the loss of cytochalasin D-induced TNS1 expression, further supporting the role of MKL1 in TNS1 expression.
To determine if MKL1 was also required for TNS1 expression in response to TGF-b stimulation, we again used siRNA against MKL1. As shown in Figures 3G and 3H (31) . We observed induction of TNS1 expression in response to 24-hour stimulation with a-thrombin, which was inhibited by CCG-1423, suggesting that MKL1/SRF is similarly required for a-thrombin-induced TNS1 expression ( Figure 3G ). Because a-thrombin can also activate TGF-b via integrin- mediated tension-dependent elaboration of latent TGF-b from the ECM (32, 33), we examined Smad phosphorylation by a-thrombin. Very little induction of Smad phosphorylation was observed in response to a-thrombin stimulation during the selected time points up to 24 hours, even with extremely long exposure times (300-400 s, Figure E1 ), indicating that TGF-b was less likely to be a significant contributor to the effects of a-thrombin in this case, consistent with previously published results in a similar experimental system (31) . Altogether, these results show that signaling via ROCK, actin polymerization, and MKL1/SRF activation are essential for TNS1 expression in HLFs.
TNS1 Is Essential for Myofibroblast Differentiation
Considering the increased TNS1 expression observed in differentiated myofibroblasts, we then sought to determine whether loss of TNS1 would inhibit myofibroblast differentiation or function. As shown in Figure 4A , we were able to specifically and efficiently knock down TNS1 using an siRNA approach with three distinct siRNA constructs, with no effect on basal ACTA2 expression using constructs 1 and 5. We then used this approach to knock down TNS1 in HLFs during stimulation with TGF-b for 72 hours. We found that, under TGF-b treatment for extended periods of time, we occasionally observed a doublet signal for TNS1 ( Figure 4B ). The appearance of a second, higher apparent molecular weight band could potentially represent electrophoretic mobility shift due to increased phosphorylation, given the presence of abundant serine/threonine and tyrosine phosphorylation sites on TNS1, including a report of increased phosphorylation at Y1404 in response to TGF-b (9, 34). Unexpectedly, we observed that knockdown of TNS1 using any of these siRNA constructs resulted in loss of TGFb-induced myofibroblast differentiation, as determined by ACTA2 expression ( Figure 4B ). Similar effects were seen with collagen, fibronectin, and extra type III domain A containing fibronectin expression. Titration with decreasing siRNA concentrations resulted in the return of some TNS1 expression (see overexposed and contrast-enhanced blot in Figure 4C ), which was associated with the partial return of ACTA2 expression in response to TGF-b ( Figure 4C ). From this, we concluded that a basal amount of TNS1 expression is required to mediate myofibroblast differentiation in response to TGF-b.
TNS1 Is Dispensable for TGF-b
Signaling, but Required for Focal Adhesion-Dependent Signals and Actin Polymerization
As myofibroblast differentiation was inhibited by loss of TNS1 expression, we examined whether TGF-b receptor I-associated signaling was disrupted by loss of TNS1. As shown in Figures 5A and 5B, loss of TNS1 did not affect TGF-b-induced Smad2 or Smad3 phosphorylation at 30 minutes, which is the point of peak Smad phosphorylation in response to TGF-b (Figure 2A) . Similarly, we assessed the effect of TNS1 knockdown on Smad 2/3 phosphorylation after 24 hours and found no effect ( Figure E2 ). In addition, although there was no induction of Erk1/2 phosphorylation by TGF-b (Figure 2A) , we assessed the effect of TNS1 knockdown on basal Erk1/2 phosphorylation. As shown in Figure 2A , there was no effect on Erk1/2 phosphorylation status. These results strongly suggest that the effect of TNS1 on TGF-b-induced myofibroblast differentiation is independent of Smad and Erk signaling.
Thannickal and colleagues (35) demonstrated that FAK phosphorylation at tyrosine 397 (Tyr397) in response to TGF-b peaks by 24 hours and that phosphorylation at this residue is required for myofibroblast differentiation. We observed that knockdown of TNS1 resulted in loss of TGF-b-induced FAK phosphorylation at the Tyr397 residue ( Figures 5C and 5D ) in HLFs. This may account for the inhibitory effect of TNS1 depletion on myofibroblast differentiation. As TNS1 can also localize to focal adhesions (6, 36), we examined the effect of loss of TNS1 on focal adhesion formation in HLFs treated with TGF-b. TGF-b-treated cells that had siRNA-mediated knockdown of TNS1 had fewer, smaller vinculin-containing focal adhesions ( Figures 5E and 5F and insets). Staining with phalloidin, which stains all actin isoforms (including ubiquitously expressed b and g actin), shows an apparent increase in the amount of actin stress fibers in TGF-b-treated HLFs compared with untreated cells, consistent with our previous observations (2) . Knockdown of TNS1 expression in TGF- (A and B) HLFs were transfected with TNS1 siRNA or scrambled control followed by treatment with 1 ng/ml TGF-b for 30 minutes and Western blotting and densitometry for the indicated (phospho) proteins. Mixed-effect ANOVA (*P , 0.05; NS, not significant) was used for statistical analysis. (C and D) HLFs were transfected with TNS1 siRNA or scrambled control, followed by treatment with 1 ng/ml TGF-b for 24 hours, Western blotting, and densitometry for the phosphorylated tyrosine 397 residue of focal adhesion kinase (FAK). Mixed-effect ANOVA (* and # P , 0.05) was used for statistical analysis. (E) Merged immunocytochemistry images of HLFs stained against phalloidin (green) and vinculin (red) upon TNS1 knockdown using TNS1 siRNA (or treatment with scrambled control) and treatment with 1 ng/ml TGF-b for 24 hours. Scale bar, 50 mm. Insets show digital magnifications of vinculin staining for each condition. Scale bar, 50 mM. (F) Quantitation of number and length of focal (vinculin-containing) adhesions in TGF-b-induced (1 ng/ml for 24 h) myofibroblasts under siRNA-mediated TNS1 knockdown or scrambled control. Student's t test (*P , 0.05) was used for statistical analysis. * and # symbols designate significant difference between the indicated conditions. Data are presented as means (6SD). DAPI, 49,6-diamidino-2-phenylindole. b-treated HLFs resulted in less apparent staining of actin stress fibers compared with the scrambled siRNA control, although some residual diffuse cytosolic staining was still observed (Figure 5E and insets). These results suggest that TNS1 may be important for maturation of focal adhesions and actin cytoskeletal remodeling (37) , along with the recruitment and phosphorylation of FAK during myofibroblast differentiation.
TNS1 Expression Is Required for Fibrillar Adhesion Formation and ECM Deposition in Myofibroblasts
Fibrillar adhesions mediate the formation of nascent fibronectin matrix and are comprised of TNS1 in association with a5b1 integrins (38) . We assessed the development of these adhesions under conditions of TNS1 depletion. Figures 6A and 6B show immunofluorescent staining of normal HLFs, demonstrating that TNS1 is localized to both extended plaques with a large aspect ratio (.7:1) and smaller aspect ratio plaques corresponding to fibrillar adhesions and mature classical focal adhesions, respectively (39) . In the elongated plaques, TNS1 colocalized with activated b1-integrin, as determined by immunostaining with the 12G10 b1-integrin antibody ( Figure 6A, row 3) . High-magnification image of TNS1 and fibronectin staining in myofibroblasts demonstrates that TNS1-containing elongated adhesions closely associate with fibrillar fibronectin ( Figure 6B , right half of image), also consistent with the morphology of fibrillar adhesions (38, 39) , demonstrating the interaction of these structures with the extracellular fibrillar fibronectin matrix. The number of elongated TNS1-containing plaques (fibrillar adhesions) increased upon TGF-b stimulation ( Figures 6A and 6C) . In TGF-b-treated HLFs, siRNA-mediated knockdown of TNS1 resulted in a decreased number and length of fibrillar adhesions ( Figures 6A and 6C ), supporting an essential role for TNS1 in the development of these adhesions. Given the requirement for TNS1 to form fibrillar adhesions, we then assessed the impact of TNS1 depletion on the formation of nascent ECM. As shown in Figure 6D , siRNA-mediated loss of TNS1 in TGF-b-treated HLFs also resulted in a significant decrease in the assembly of a fibrillar fibronectin matrix from Alexa488-labeled, soluble fibronectin. Using a complimentary approach, we assessed the ability of HLFs to form a deoxycholate-insoluble ECM under conditions of TNS1 knockdown. As shown in Figures 6E and 6F , loss of TNS1 expression resulted in marked attenuation of TGF-b-treated HLF-mediated deposition of fibronectin and collagen into the ECM. These results demonstrate that TNS1 expression plays an essential role in the induction of fibrillar adhesion formation and resulting fibronectin (and collagen) matrix formation by myofibroblasts.
Discussion
A critical function of myofibroblasts is the formation of nascent ECM during the development of pulmonary fibrosis. In our previous studies, we have found that myofibroblasts are characterized by an enhanced ability to form a fibrillar fibronectin matrix, which serves as a scaffold for the incorporation of additional matrix elements (4). In our current study, we have now found that a key component of the fibrillar adhesion, TNS1, is strongly upregulated by the profibrotic cytokine, TGF-b, and has increased expression in the fibroblastic focus of the fibrotic lung. TNS1 is a multidomain protein that can interact with both the actin cytoskeleton and integrin-containing adhesion plaques, and serve as a scaffold for adhesion-related signaling molecules (40, 41) . Because of the putative role of TNS1 in the formation of fibrillar adhesions and the formation of fibronectin matrix, we sought to characterize the biology of this protein in the context of myofibroblast function.
We have found that TNS1 expression is strongly induced by TGF-b in HLFs and is expressed more strongly in spindleshaped cells in areas of fibroblastic foci in fibrotic lung. Similar to the myofibroblast marker, ACTA2, our work suggests that TNS1 is transcriptionally regulated by signaling via ROCK/actin/MKL1/SRF in response to TGF-b. In contrast to ACTA2, however, there does not appear to be a dependency on Smad2 or Smad3. Signaling via ROCK/actin/MKL1/SRF mediates myofibroblast differentiation in response to G protein-coupled receptor agonists, TGFb, and biophysical cues, such as matrix stiffness (2, 42, 43) . MKL1 is required for the development of experimental fibrosis, likely via its role in determining fibroblast cell fate, antiapoptotic signaling, and matrix remodeling (3, 44, 45) . Thus, TNS1 upregulation may be a key component of MKL1-regulated genes in response to profibrotic cues.
In addition, we unexpectedly found that myofibroblast differentiation in response to TGF-b was inhibited by loss of TNS1. Myofibroblast-associated genes that were examined included ACTA2, along with collagen I, fibronectin, and extra type III domain A-fibronectin. Each of these markers was strongly attenuated by loss of TNS1. TNS1 is known to interact with phosphorylated FAK via its proto-oncogene tyrosine-protein kinase Src homology 2 domain (8), and we found that loss of TNS1 results in attenuation of phosphorylation of FAK at the Tyr397 residue. Because phosphorylation of FAK at Tyr397 is required for myofibroblast differentiation (35) , the observed loss of FAK phosphorylation could account for inhibition of myofibroblast differentiation upon TNS1 depletion. These data suggest Mixed-effect ANOVA (* and # P , 0.05) was used for statistical analysis. (D) HLFs, transfected with TNS1 siRNA or scrambled control, were treated with 1 ng/ml TGF-b for 72 hours, then replated and incubated with Alexa488-labeled fibronectin (488-FN) for 90 minutes, followed by fixation and immunofluorescent microscopy. Mixed-effect ANOVA (* and # P , 0.05) was used for statistical analysis. (E and F) HLFs were transfected with TNS1 siRNA or scrambled control, treated with 1 ng/ml TGF-b for 72 hours, followed by deoxycholate (DOC) buffer extraction to remove non-ECM-bound material. Residual ECM was then solubilized and run via PAGE followed by Western blotting and densitometry of the indicated proteins. Data show reduced DOC-insoluble fibronectin (FN) or collagen I (Col I) fractions. Mixed-effect ANOVA (*P , 0.05) was used for statistical analysis. * and # symbols designate significant difference between the indicated conditions. Data are presented as means (6SD). A.U., arbitrary units. that TNS1 may serve as a scaffold for recruitment of FAK and other adhesionassociated proteins to the enlarging adhesion plaques during myofibroblast differentiation (46) . This role fits with the morphologic alterations that we observed in TNS1-deficient cells. TGF-b-treated HLFs in which TNS1 was depleted were slightly less spread than normal myofibroblasts, had a reduction in the number and size of focal adhesions, and had a less robust actin cytoskeleton. Previous work has established that TNS1 is recruited to nascent adhesions upon integrin ligation along with FAK (6). TNS1 interacts with b1-integrin at its Asn-Pro-X-Tyr domain and interacts with actin filaments via its actin binding domains (7, 40) . In this fashion, TNS1 serves as a linker protein coupling the actin cytoskeleton to the ECM-bound integrins. Our studies suggest that increased expression of TNS1 during myofibroblast differentiation results in its recruitment to focal adhesion sites, thereby facilitating both the enlargement of focal adhesions and the formation of actin stress fibers that couple to these enlarged adhesions. MKL1/SRF is required for the proper formation of adhesions in embryonic cells and mouse fibroblasts (47, 48) . Thus, our work suggests that TNS1 is a key MKL1/SRF-regulated protein that facilitates focal adhesion development and maturation during myofibroblast differentiation.
In addition to its role in focal adhesion formation, TNS1 also plays a role in the formation of the specialized fibrillar adhesions that promote extension of fibronectin polymers, thereby facilitating assembly of a fibronectin matrix (11) . In response to stimulation with TGF-b, we have found that the number and length of fibrillar adhesions increases in HLFs. Loss of TNS1 significantly disrupted increases in fibrillar adhesion formation in response to TGF-b. This translates to loss of both fibronectin and collagen matrix formation by these myofibroblasts. This suggests that the increases in TNS1 expression during myofibroblast differentiation may be critical for the formation of new fibrillar adhesions and the accelerated fibronectin matrix assembly that we have previously observed in myofibroblasts (44) . Taken together, our findings suggest that disruption of TNS1 and its associated signaling may be an attractive target to inhibit scar formation in vivo. n Author disclosures are available with the text of this article at www.atsjournals.org.
